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brahma-related gene (BRG)1. Interest-
ingly, previous studies in T cells have
demonstrated an NFAT-dependent
recruitment of BRG1 to the Th2 cytokine
locus as a key step in Th2 cell differentia-
tion (Wurster and Pazin, 2008). Further-
more, during Th1 cell differentiation,
TCR signaling is required for the recruit-
ment of BRG1 to the IL-12Rb2 locus
(Letimier et al., 2007), and in addition,
NFAT activity is specifically required for
nucleosome repositioning and recruit-
ment of BRG1 to the interferon (IFN)-g
locus (Zhang and Boothby, 2006). On
the basis of these precedents, it remains
possible that NFAT activity promotes an
additional aspect of chromatin remodel-
ing at the IL-17 locus during Th17 cell
differentiation than is evident by the anal-
ysis of histone H3 acetylation. Because
this aspect of chromatin remodeling is
often dependent on the combined action
of NFAT plus a STAT protein, the modest
defect in STAT3 activation in Itk/ T cells
may further contribute to an overall defect
in nucleosome repositioning or another
aspect of chromatin remodeling.
Alternatively, NFAT may have a totally
distinct and more indirect role in Th17 cell
differentiation. As discussed by Gomez-
Rodriguez and colleagues, NFATc1 is
normally upregulated after naive T cell
activation by a positive feedback loop that
requires initial NFAT activation (Nurieva
et al., 2007). Thus, when naive Itk/
T cells are stimulated through their TCR
plus CD28, the reduced activation of
NFAT in these cells would preclude the
normal upregulation of NFATc1. As a
consequence, Itk/ Th17 cells may not
express comparable amounts of NFATc1
protein as their wild-type counterparts,
thereby accounting for their failure to
express IL-17A after restimulation with
PMA plus ionomycin. This explanation
has appeal, given that it would readily
account for the disparity in IL-17A versus
IL-17F production by Itk/ Th17 cells,
a finding that is more difficult to attribute
to potential defects in chromatin remodel-
ing at this locus.
Regardless of the precise mechanism
by which NFAT activity selectively pro-
motes IL-17A production during Th17
cell differentiation, these findings by
Gomez-Rodriguez clearly illustrate the
intricate nuances of T cell differentiation,
and more importantly, the finesse with
which apparently subtle alterations in
TCR signaling can have profound impact
on gene expression, and thus ultimately,
on T cell effector functions.
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In this issue of Immunity, Beal et al. (2009) and Jenkins et al. (2009) demonstrate that relatively weak stimuli
support synapse formation and microtubule polarization, but fail to trigger efficient killing because of their
inability to recruit lytic granules to the synaptic cleft.In the context of an infection, cytolytic
immune cells of an appropriate speci-
ficity are initially rare and must act as
highly efficient serial killers in order to
outpace the propagating pathogen and
minimize harm to the host. Although the
architecture of the cytolytic immune
synapse is well suited to the efficient and
selective killing of antigen-bearing targetcells, the mechanisms that regulate
antigen-dependent cytolysis are not fully
understood (Stinchcombe and Griffiths,
2007).
The boundary of the cytolytic immune
synapse consists of an integrin-rich
domain analogous to a peripheral supra-
molecular activation complex (pSMAC).
This adhesive ring surrounds a centralImmunity 31SMAC and an adjacent secretory domain.
The delivery of lytic granules is tightly
controlled by the microtubule cytoskel-
eton and involves the dynein-dependent
movement of granules toward the centro-
some, which lies immediately beneath the
synaptic interface, alongside the secre-
tory domain. Upon their release, the
contents of the lytic granule are confined, October 16, 2009 ª2009 Elsevier Inc. 531
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Previewswithin the resulting synaptic cleft. This
reduces bystander killing and facilitates
the delivery of antigen-dependent lethal
hits. The efficacy of this strategy is
emphasized by the ability of CD8+
T cells to achieve half-maximal killing in
response to ligand doses orders of
magnitude lower than those required for
half-maximal granule release (Beal et al.,
2008). The adhesive properties of the
pSMAC are essential for the maintenance
of these well-confined clefts. Strategies
that destabilize the pSMAC radically
reduce the efficiency of CD8+ T cell-medi-
ated killing, establishing that the confine-
ment of granule contents within the cyto-
lytic cleft contributes to cytolysis.
To identify additional mechanisms
contributing to the extraordinary effi-
ciency of killing by CD8+ T cells, Beal
et al. (2009) and Jenkins et al. (2009)
examined the movement of lytic granules
during the formation antigen-dependent
cytolytic synapses. Both groups observed
that granule recruitment to the center of
the contact interface, near the centro-
some, was correlated with the overall
quality of the stimulus that they employed.
This event was predictive of efficient
degranulation and killing and became
more important when antigen was scarce
and when effector-to-target ratios were
low. In contrast, neither conjugate forma-
tionnormicrotubulepolarizationpredicted
effective killing. These observations sug-
gested that the recruitment of lytic gran-
ules to the centrosome is a decisive step
in cytolysis, but did not address how
granule recruitment was controlled.
Both groups also evaluated T cell
receptor (TCR)-proximal signaling events.
Despite differences in their model sys-
tems, both groups observed that the
sustained phosphorylation of Src kinases
at the center of the contact was a hall-
mark of efficient granule recruitment
and killing. Jenkins et al. determined that
Lck kinase was retained in the center of
the noncytolytic synapses elicited by
altered peptide ligands. Pharmacological
perturbations of these synapses sug-
gested that tyrosine phosphatase activity
is selectively suppressed in response to
agonist peptides. Consistent with models
in which Erk kinase protects Lck from
the activity of the tyrosine phosphatase
SHP-1, Erk activity was much more
pronounced in the T cells responding to
agonist peptides (Altan-Bonnet and Ger-532 Immunity 31, October 16, 2009 ª2009 Emain, 2005). The role of Erk in granule
recruitment was not evaluated. Neverthe-
less, active Erk and Src kinases could
make critical contributions to granule
recruitment.
The lipid-bilayer-based system em-
ployed by Beal et al. enabled these
authors to reveal, in unusually fine detail,
the positioning of lytic granules within the
immune synapse. In studies employing
CD8+ T cell lines, lytic granules were
initially recruited to the center of the
immune synapse. Diverse perturbations
attenuating ligand quality prevented the
recruitment of lytic granules to the center
of the immune synapse and caused the
retention of granules near or within the
pSMAC. Similar distinctions were ob-
served with the less efficient cytolytic
CD4+ T cell lines; however, in these cells
the peripheral granule pattern was the
default state, and the recruitment of lytic
granules to the center of the contact could
only be induced by directly crosslinking
the TCR itself. These data suggest that
weaker stimuli are insufficient to direct
the movement of lytic granules to the
centrosome.
From these patterns, Beal et al. inferred
that the pSMAC might act a barrier to
granule movement. This hypothesis is
supported by two critical observations.
First, by eliminating integrin ligands from
the stimulatory lipid bilayers employed in
their studies, the authors demonstrated
that weaker stimuli are capable of driving
lytic granules toward the centrosome
in the absence of a pSMAC. Second, the
authors stimulated T cells on bilayers
bearing weak agonists. Strong agonists
subsequently introduced into these bila-
yers were recruited into pre-existing
immune synapses, but failed to elicit
granule repositioning toward the central
secretory domain. These observations
imply that the recruitment of lytic granules
to the center of the contact must be
accomplished within a relatively narrow
temporal window that closes upon
the formation of an adhesive ring at the
periphery of the synapse.
Calcium has long been known to play
a decisive role in degranulation and target
cell lysis (Lyubchenko et al., 2001). Thus,
cytoplasmic calcium elevations could
influence degranulation and killing by
controlling the dynein-mediated move-
ment of lytic granules toward the centro-
some. In fact, Beal et al. noted that thelsevier Inc.propensity of stimuli to elicit sharp
increases in cytoplasmic calcium was
precisely correlated with their ability to
elicit granule recruitment to the center of
the synapse. The authors validated this
hypothesis by manipulating intracellular
calcium concentrations with calcium
chelating compounds and calcium iono-
phores. Their results suggested that the
rapidly achieved calcium peak displayed
by CD8+ T cells plays a crucial role in the
prepositioning of lytic granules near the
centrosome.
These observations can be integrated
to generate a coherent model of granule
delivery. Prior to stimulation, lytic
granules are dispersed throughout the
cytoplasm and the microtubule cyto-
skeleton is not polarized with respect
to the target (Figure 1). Beal et al.
suggest that potent stimuli promote effi-
cient killing because they elicit potent
elevations in cytoplasmic calcium and
therefore preposition lytic granules near
the centrosome. This process is likely
to involve the activation of granule-asso-
ciated dynein motors or the recruitment
of dynein motors to the granule. The re-
sulting movement of granules is thought
to precede the formation of an integrin-
rich pSMAC, which appears to act as
a barrier to granule delivery, as noted
above. In this manner, potent stimuli
enable lytic granules to exploit a ‘‘short
path’’ characterized by rapid movement
toward the centrosome and subsequent
delivery to the synaptic cleft upon the
polarization of the microtubule cytoskel-
eton. Weaker stimuli generate smaller
elevations in intracellular calcium but
are no less efficient at generating adhe-
sive contacts or polarizing the microtu-
bule cytoskeleton. In this context, lytic
granules move along microtubules in an
indolent manner, and their movement
toward the centrosome and the synaptic
cleft is hindered upon encounter with
the integrin-rich adhesive domain at the
boundary of the synapse (Figure 1).
The precise mechanisms that enable
the adhesive domain to present a barrier
to granule movement have not yet
been elucidated. However, this periph-
eral domain is enriched in dynein motors
that capture and ‘‘reel in’’ individual
microtubules (Combs et al., 2006). This
system is responsible for the polarization
of the microtubule cytoskeleton toward
the immune synapse and is likely to
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mate contact with the dense
cortical actin networks char-
acteristic of this region of the
synapse. Thus, steric effects
may favor granule delivery
via the more inefficient ‘‘long
path’’ observed with weaker
stimuli.
The roles played by Erk
and by the central, active Src
kinase-containing structures
observed in efficient cytolytic
synapses remain consider-
ably more obscure. It is
appealing to imagine that
these components contribute
directly to granule recruitment
and cytolysis by enhancing
the cytoplasmic calcium ele-
vations triggered by the TCR
(Figure 1). However, diacyl-
glycerol plays a pivotal role
in the polarization of the
microtubule cytoskeleton
(Quann et al., 2009). Thus,
direct increases in the activity
of phospholipase C might
narrow the temporal window
available for the prepositioning of lytic
granules. Alternately, the retention of
phosphorylated signaling components at
the center of the contact could facilitate
the juxtaposition of the endoplasmic
reticulum with this actin-poor region of
the plasma membrane and thereby
enhance the entry of extracellular calcium
through the Stim-activated calcium
channel Orai (Lioudyno et al., 2008).
Although these studies have opened up
many avenues for exploration, important
questions remain unresolved. For exam-
ple, novel checkpoints may limit the
indiscriminate killing of bystanders by
cytolytic T cells with transiently elevated
intracellular calcium concen-
trations and prepositioned
lytic granules. Perhaps these
checkpoints will be mediated
by proteins with roles in lytic
granule docking and fusion.
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Figure 1. Models of Microtubule Polarization and Granule Delivery
In steady state (top left), lytic granules (red) are dispersed throughout a resting
T cell. TheGolgi apparatus (green) resides at the centrosome, where theminus
ends of microtubules (black lines) are stabilized. When signaling complexes
(cylinders) trigger the translocation of lytic granules to the centrosome (bottom
left), minus-end-directed dyneinmotors direct vesiclemovement (indicated by
red arrows), and cortical dynein motors (yellow diamonds) drive microtubule
repositioning (indicated by yellow arrowheads). Peripheral adhesive structures
(dark blue) hinder the movement of lytic granules after weak T cell stimulation
(top right). Potent T cell stimulation promotes efficient granule movement and
enables granule release into the synaptic cleft, near the centrosome (bottom
right). This may involve signals (indicated by a white arrow) transmitted by
active signaling complexes present at the center of the synapse.Immunity 31, October 16, 2009 ª2009 Elsevier Inc. 533
